Introduction
Steroids, since their introduction in 1935, have been used for a wide range of indications. Initially, its indication was restricted to Addison's disease, but their anti-inflammatory and immuno-modulating property form the basis of their numerous indications and widespread use. Fraser et al. (1952) , for the first time, reported the adrenal insufficiency which presented as intractable intraoperative hypotension during a major orthopedic surgery in a patient on chronic steroid therapy. [1] The sudden preoperative withdrawal or inadequate preoperative dose of corticosteroid was hypothesized to be the culprit and therefore, the concept of perioperative supraphysiologic "stress dose" corticosteroid (up to four times of baseline) arose to avoid the precipitation of adrenal crisis. [2, 3] Various controversies have been linked to this concept over the last few decades. Therefore, the objective of the present review is to evaluate the changing concept of perioperative "stress dose" of corticosteroids, its pharmacokinetics, clinical relevance, and the related controversies such as the need and the appropriate dose.
A thorough and comprehensive literature search in PubMed medical databases was performed with the keywords "perioperative steroids" and "stress doses of steroid." The data search retrieved 44 items, out of which 21 articles were relevant which comprised case reports, research articles, meta-analysis, and review articles. The relevant articles have been incorporated in the present review.
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For reprints contact: reprints@medknow.com and electrolytes. Cortisol stimulates gluconeogenesis by liver resulting in increased blood glucose concentrations, reduction of protein stores essential in all body cells caused by both decreased protein synthesis, and increased catabolism of proteins already in cells. Cortisol promotes mobilization of fatty acids from adipose tissue and enhances oxidation of fatty acids in cells. Cortisol is essential for excreting a water load and hydrocortisone has a relatively weak salt retaining and potassium wasting effect except for large doses, i.e., 300 mg in a day. Hydrocortisone, 25 mg is comparable to 0.1 mg of fludrocortisone in terms of mineralocorticoid activity. It affects the calcium metabolism by antagonizing the action of vitamin D on gut, and thus reducing its absorption.
Cortisol is needed for the muscle functioning and central nervous system. Therefore, muscle weakness, apathy, depression, and psychosis are manifestations of Addison's disease. Cortisol has antiinflammatory effects, reflecting its ability to stabilize lysozyme membranes, decrease the release of inflammation causing lysozymes, and decrease capillary permeability that prevents loss of plasma protein into tissues. In cardiovascular system, it increases blood pressure by a variety of mechanisms involving actions on the kidney and vasculature. In the vascular smooth muscle, they increase sensitivity to pressor agents such as catecholamines and angiotensin II, while reducing nitric oxide-mediated endothelial dilatation. In the gut, it inhibits the secretion of prostacyclin and increases gastric acid secretion, thus increasing the predisposition for peptic ulcer. Cortisols are necessary for the production of pulmonary surfactant and maturation of various enzyme systems in the liver in fetus. In the endocrine system, it has direct action on thyroid stimulating hormone and thus suppresses thyroid axis. Glucocorticoids in supraphysiological doses cause hypothalamic-pituitaryadrenal (HPA) suppression or adrenocortical atrophy and is described ahead in detail.
The various indications for supplemental corticosteroids include deficiency states such as acute or chronic adrenal insufficiency, allergies, asthma, aspiration pneumonitis, cerebral edema, lumbar disc diseases, autoimmune disorders, such as arthritis, collagen diseases, ocular inflammation, ulcerative colitis, and myasthenia gravis. In anesthesia, it has been commonly used for its antiemetic effect, for providing postoperative analgesia and also for treatment of postintubation laryngeal edema. [4] Adrenal suppression or insufficiency (AI) is the failure of the adrenal cortex to secrete sufficient amounts of corticosteroids and remains a first-line indication for exogenous steroid therapy. Adrenal suppression may be broadly divided into two categories: primary and secondary. Primary AI is characterized by destruction of the adrenal cortex (Addison's disease), and the causes include idiopathic infections, autoimmune, hemorrhage, and sepsis. 
Phar macokinetics and Choice of Corticosteroid Preparation
Systemically administered steroids are metabolized in the liver by hepatic P-450 system and then excreted renally. In the liver, hydrocortisone is metabolized by conjugation to tetrahydrocortisone and prednisolone by hydroxylation and conjugation. The oral bioavailability of hydrocortisone is 50% and of methylprednisolone and dexamethasone, it varies from 50 to 80%. When administered orally, the plasma half-life of most is 1-3 h (e.g., cortisol: 90 min, prednisolone: 2-3.5 h, and prednisone: 3.4-4 h), but it does not reflect the biological half-life. Biological half-life correlates with the antiinflammatory activity as it reflects the duration of influence on target tissues and ranges from 8 (hydrocortisone) to 72 h (betamethasone). The biological half-lives last beyond their elimination half-lives that range from 1 to 5 h. In clinical scenario, hepatic and renal disease prolongs and enzyme induction shortens the duration of action. Prodrugs such as cortisone and prednisone are converted in the liver to their active metabolites, hydrocortisone, and prednisolone. The pharmacokinetic profile of methylprednisolone is similar to prednisolone. In the blood, it is present in both bound and free form, the latter being biologically active. It is bound to cortisol-binding globulin (CBG) which has high affinity but low capacity; once it is saturated, cortisol is bound to albumin. Hydrocortisone and prednisolone is highly protein bound when compared to dexamethasone. Presence of estrogen affects CBG concentration and it includes pregnancy, use of oral contraceptives, etc. [5] Liver disease and nephrotic syndrome reduces the concentration of albumin leading to prolongation of their half-lives. Therefore, the steroid doses should be lowered in all aforementioned clinical conditions. However, topically administered (lungs, skin, joints) steroids too allow systemic absorption.
All the steroid molecules have varying degree of glucocorticoid and mineralocorticoid activity. The glucocorticoid property is responsible for regulating metabolism and inflammation, whereas mineralocorticoid regulates sodium and water balance. Synthetic corticosteroids administered for glucocorticoid effects include prednisolone, prednisone, methylprednisolone, betamethasone, dexamethasone, and triamcinolone. Fludrocortisone is a synthetic halogenated derivative of cortisol with mineralocorticoid effect. In addition, cortisol and cortisone are naturally occurring corticosteroids which are also available in synthetic form. The mechanism of action of antiinflammatory activity of glucocorticoids is by suppression of synthesis and release of mediators including prostaglandins that initiate vascular changes as well as the immune response. Methylprednisolone, prednisolone, or prednisone are recommended for their strong antiinflammatory, antiallergic effects and low mineralocorticoid potency which limits the sodium and water retention when used chronically or in large doses. Hydrocortisone is commonly used for oral replacement therapy in adrenocortical insufficiency and fludrocortisone for replacing aldosterone in Addison's disease and chronic adrenal hyperplasia. The various preparations are equivalent in their anti-inflammatory and side effects profile provided equipotent doses are used; however, with varying propensity to cause fluid retention. [4, 5] The comparative pharmacology of various available glucocorticoid and mineralocorticoid hormones are enlisted in Table 1 .
Adverse Effects of Systemic Adrenal Steroid Pharmacotherapy
The adverse effects are the extension of the physiological and pharmacological actions of glucocorticoids and depends on the corticosteroid used, its dose, and the duration for which it is used. A short use of systemic corticosteroids (<7 days) even at high doses are unlikely to produce any adverse events. Inhaled and topical corticosteroids are least likely to produce any adverse effect. [4, 5] The important adverse effects of chronic glucocorticoid therapy are:
Gastrointestinal: Acute erosive gastritis and peptic ulcers are the problems with prolonged therapy. Intestinal perforation and pancreatitis have also been frequently reported with its use. The concomitant use of nonsteroidal antiinflammatory drugs further increases the complication rate.
Suppression of the inflammatory response:
Immunosuppression and suppression of inflammatory response to infection is observed with chronic glucocorticoid therapy. This results in increasing incidence of infection, especially candidiasis, tuberculosis, pneumocystis carinii increases with steroid therapy.
Musculoskeletal: Proximal myopathy, tendon rupture, osteoporosis leading to vertebral collapse are reported with the prolonged use. In children, growth is impaired.
Metabolic effects: Chronic dosing leads to Cushing's syndrome: central obesity, moon face, striae, acne, hirsutism. Diabetes mellitus may occur. Some patients may also develop hyperlipidemia and hypophosphatemia. Preexisting diabetes is not a contraindication to glucocorticoid therapy. Hyperglycemia during the steroid therapy does not preclude the treatment for diabetes.
Central nervous system: Depression, psychosis, euphoria, insomnia, and epilepsy are the few adverse effects of steroid therapy.
Ophthalmic effects: Posterior subcapsular lens cataract, glaucoma, and corneal or scleral thinning are reported adverse effects when the dose exceeds prednisolone 10 mg/day or equivalent for more than a year.
Inhibition of HPA axis: Will be discussed in detail later.
Miscellaneous: These include delayed tissue healing, hypercoagulability of blood with thromboembolic complication, acne, hirsutism and paradoxically, hypersensitivity reactions. 
HPA Suppression and Perioperative "Stress Dose" of Steroids
The HPA axis consists of hypothalamus, pituitary, and adrenal glands. The hypothalamus secretes CRH in response to stress, circulating levels of cortisol, and sleep-wake cycle. The CRH then stimulates pituitary to release ACTH, which in return stimulates the adrenal cortex to release cortisol. Cortisol is a negative feedback inhibitor of both CRH and ACTH. It acts through various intracellular receptors to prevent the proliferation of T cells, counteract insulin by increasing gluconeogenesis, promote breakdown of lipids and protein, maintain vascular tone, and decrease bone formation. [4] The chronic exogenous glucocorticoid is the common reason for the suppression of HPA axis causing adrenal suppression, and the concept of "perioperative exogenous corticosteroid" is based on this fact. Exogenous corticosteroids when given suppresses the normal diurnal rhythm as well stress associated increase in ACTH. This is especially seen when exogenous dose exceeds physiological levels. HPA axis suppression may persist for up to 1 year following the course of steroids. [6] As a result, the release of endogenous cortisol in response to surgical stress is absent or blunted. Clinical signs of adrenal insufficiency include hypotension, hypoglycemia, dehydration, and altered mental status: all are potentially fatal. [6] This is of particular relevance in the perioperative period warranting consideration in the differential diagnosis of refractory hypotension. The likelihood of HPA axis suppression following steroid therapy is determined by the dose and the duration of therapy. Therefore, larger the dose and more prolonged the duration, higher the chances of HPA axis suppression, thus, explaining why dexamethasone despite having highest antiinflammatory effects is not used for prolonged duration. To avoid HPA axis suppression, it is advisable to administer the minimum effective dose and alternate day therapy when appropriate. The risk of HPA axis suppression is low with topical and inhalational steroids. The factors determining HPA suppression with topical steroids are surface area of application, duration, occlusive dressing, drug potency. The factors determining HPA suppression with inhalational agents are dose, duration, and the potency of drug. Very commonly in our clinical practice, we encounter patients who are on budesonide inhalers. The bioequivalent dose of budesonide to 15 mg prednisone is 1.8 mg. [7] The bioequivalent doses of various steroid preparations to prednisolone are given in Table 2 .
Need and Dose of Perioperative "Stress Dose" of Steroid
As far as the "stress dose" of steroid for replacement is concerned, typically, the supraphysiologic dose of 100 mg every 8 hourly had been in practice as replacement therapy for the last six decades. [2, 8] A number of studies suggest that supplemental exogenous stress glucocorticoids may not be needed to meet the demands of perioperative stress. [9] [10] [11] [12] [13] [14] However, all studies were either retrospective studies or had a small sample size. With further increased understanding of the physiologic stress responses and glucocorticoid, this regimen was questioned. Various trials have studied the supraphysiologic (ten times the normal production rate), physiologic (same as of normal production rate), and subphysiologic (one-tenth the dose of normal production rate) doses of steroids for replacement therapy. The data based on various animal and human trials have negated the role of "stress dose" of corticosteroids in patients on chronic steroid therapy. [9] [10] [11] [12] 15] Friedman et al. [12] performed a prospective study on patients receiving immunosuppressive doses of glucocorticoids and undergoing major orthopedic operations. They observed that no patient developed clinical evidence of adrenocortical insufficiency despite being on their usual daily dose of glucocorticoid; in addition, despite receiving high adrenally suppressive dosages of glucocorticoids before surgery, 71% of the patients increased production of endogenous corticosteroid in response to surgical stress as measured by urinary level of free cortisol. Similarly, the outcomes of stress dose of steroids on renal-or pancreas/kidney-transplant recipients undergoing surgical lymphocele drainage were evaluated and no difference was observed in morbidity between the two groups, with none of the patients developing clinical evidence of adrenal insufficiency. [9] Recently, two landmark studies have yet again refuted the role of "stress dose" of steroid in patients on chronic steroid therapy. One is a randomized trial of patients on chronic steroid therapy undergoing major colorectal surgery; no differences in postural hypotension or adrenal insufficiency were seen between those receiving high-dose glucocorticoids (hydrocortisone 100 mg intravenously three times daily) and low-dose glucocorticoids (the equivalent of their preoperative dose given intravenously). [16] Second was a retrospective cohort study of patients with inflammatory bowel disease undergoing surgery and here too it was observed that administration of low-dose perioperative steroids (the equivalent of their preoperative dose given intravenously) did not lead to any incidence of hemodynamic instability requiring vasopressors or additional steroids for adrenal insufficiency perioperatively. [17] Marik and Varon in a systematic review on perioperative stress dose of corticosteroid included nine studies with 315 patients and concluded that patients receiving therapeutic doses of corticosteroids who undergo a surgical procedure do not routinely require stress doses of corticosteroids so long as they continue to receive their usual daily dose of corticosteroid. In addition, they concluded that adrenal function testing is not required in these patients because the test is overly sensitive and does not predict which patient will develop an adrenal crisis. However, patients receiving physiologic replacement doses of corticosteroids owing to primary disease of the HPA axis must receive supplemental doses of corticosteroids in the perioperative period. [18] Yong et al. in their Cochrane review, which includes only 37 patients from two randomized controlled trials, suggested that supraphysiologic corticosteroid dosing is not necessary preoperatively to prevent adrenal insufficiency, but that current evidence is not adequate to fully support or refute this claim. They also concluded that it is likely that the majority of adrenally suppressed patients undergoing surgery, administration of the patient's daily maintenance dose of corticosteroid may be sufficient and that supplemental doses are not required. [14] The considerations for steroid regimen include evaluation of equipotent dose of steroid causing HPA suppression and the duration for which patient is on steroid therapy. The onset of adrenal suppression can occur as early as 1 week after commencing therapy, and usually requires doses of 10 mg of prednisone equivalent or greater. Therefore, patients receiving "physiologic replacement" doses (<10 mg/day) do not need additional steroids perioperatively beyond their standard regimen. Patients receiving steroid in a dose of >10 mg/day, should receive "physiologic replacement" dose of steroid. Table 1 shows the equivalent doses of 10 mg prednisolone. Similar to the dose, the duration for which patient has stopped steroids is also an important determining factor for initiating steroid therapy in the perioperative period. If the patient had stopped steroids within the last 3 months, we must treat patient as if on steroids; whereas, if patient had stopped steroids more than 3 months back, no perioperative steroids are necessary. The consideration of the dose for supplemental stress doses depends on the basic understanding of endogenous cortisol production. Normal cortisol production on average is 15-20 mg/day, which can increase to 50 mg/day in response to minor procedures and 75-150 mg/day for moderate/major surgery. [19] [20] [21] Thus, a dose of 100 mg/day of exogenous cortisol or glucocorticoid should be sufficient to sustain hemodynamics even if the stress would cause ten-fold increase in cortisol production in case of endogenous HPA axis suppression. [22] As far as the regimen for perioperative stress dose of steroids is concerned, there have been no universally accepted standard regimen. Most commonly used regimens are the ones from Salem et al. [2] and Nicholson et al., [23] with a very slight difference between the two. Subsequently, Aker and Biddle [24] and Jabbour [25] gave intra and postoperative tapered steroid dose regimen. A rational regimen for steroid supplementation in the perioperative period is administration of cortisol 25 mg iv, at the induction of anesthesia followed by continuous infusion of cortisol 100 mg during the following 24 h [ Table 3 ]. This approach maintains the plasma concentration of cortisol above normal during major surgery in patients receiving chronic treatment with steroids and manifesting a subnormal response to preoperative infusion of ACTH. [26] In addition to intravenous supplementation with cortisol, patients receiving daily maintenance doses of steroids should also receive this dose with premedication on the day of surgery. In those instances, such as burns or sepsis which exaggerate the need for exogenous steroid supplementation, continuous infusion of cortisol, 100 mg every 12 h is sufficient. [25] An infusion of steroids is preferable as it avoids large increases caused by bolus injection. Owing to the practical limitations of the infusion, some studies have shown that daily dose of one-quarter administered every six hourly may be adequate. [26] Perioperative steroid supplementations may also be associated with rare complications such as aggravation of hypertension, fluid retention, inducement of stress ulcers, and psychiatric disturbances. The common complications include impaired wound healing and an increased rate of infection. The anesthetic considerations of patients on chronic steroid therapy include avoidance of use of etomidate; however, no specific anesthetic agent or technique is recommended in patients with/or at risk of adrenal insufficiency. The use of invasive monitoring, intraoperative IV corticosteroids, 
Conclusion
There are no dogmatic guidelines regarding perioperative "stress dose" of steroids in patients on chronic steroid therapy; however, there is enough evidence that patients on long-term exogenous steroid therapy do not require the conventional high-dose perioperative corticosteroid, instead must be kept on their baseline maintenance dose, i.e., 100 mg/day. In addition, a secondary adrenal insufficiency must be considered for any event of unexplained perioperative hypotension in these patients. There is a further need for high-quality randomized controlled trials in various surgical settings to evaluate the requirement for supplemental perioperative steroids in patients with preexisting primary adrenal insufficiency.
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